Objective: Endothelial injury during the harvest of saphenous vein grafts might play an important role in the development of vein graft disease after coronary artery bypass grafting. Using a murine autologous arterialized vein patch model, we tested whether the initial ischemic insult of vein grafts was linked to the later development of graft neointimal hyperplasia and whether the restoration of the cyclic adenosine monophosphate second messenger pathway would attenuate the development of neointimal hyperplasia.
C oronary artery bypass grafting is widely accepted for myocardial revascularization of patients with ischemic heart disease. In this setting the saphenous vein remains the most commonly used conduit, despite the increasing use of arterial grafts. However, the rate of saphenous vein graft failure remains high. Vein graft failure is comprised of 3 discrete processes: thrombosis, neointimal hyperplasia, and atherosclerosis. [1] [2] [3] Various clinical strategies aimed at the prevention of vein graft failure have been used, including antiplateletanticoagulant drugs, risk factor modification, and lipidlowering drugs. However, most of these clinical trials have not addressed the problem of neointimal hyperplasia because the pathogenesis of this lesion is complex and remains obscure.
Endothelial dysfunction is thought to be an initial step in the development of neointimal hyperplasia. 4 Mechanical or ischemic insults might enhance gene expression of adhesion molecules, growth factors, cytokines, and matrix proteins in endothelial cells, followed by smooth muscle cell migration-proliferation and accumulation of extracellular matrix. 1, 2, [5] [6] [7] [8] Therefore maintenance of vascular integrity and function during the early period of vein graft implantation is one of the key factors linked to the subsequent development of neointimal hyperplasia. An important intracellular second messenger associated with endothelial cell regulation of vascular homeostatic properties is cyclic adenosine monophosphate (cAMP). [9] [10] [11] [12] Ischemia-driven cAMP deficiency in preserved organs is a critical mechanism by which vascular homeostasis might be disrupted. 9, [11] [12] [13] [14] This study was designed to test the hypothesis that initial ischemic insult during harvest and storage of vein grafts is a central factor in the development of neointimal hyperplasia and that enhancement of graft preservation through supplementation of the cAMP pathway might attenuate vein graft neointimal hyperplasia.
Methods

Mice and Vein Graft Procedure
Male C57BL/6J mice were purchased from Jackson Laboratories. All procedures were approved by the Institutional Animal Care and Use Committee at Columbia University. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (National Institutes of Health publication no. 85-23, revised 1996). The surgical procedures used were modified from those described by Shi and associates. 15 Mice (12-16 weeks of age) were anesthetized by means of intraperitoneal injection of ketamine (50 mg/kg) and xylazine (5 mg/kg). A midline skin incision was made on the neck, and the right external jugular vein was dissected. A segment of the jugular vein (5 mm long) was transected after ligation at both ends with 8-0 sutures. This segment was opened longitudinally, washed with saline solution containing 100 U/mL heparin, and stored at 25°C for up to 2 hours in heparinized saline. After closing the neck incision with a 6-0 nylon suture, a midline skin incision was made on the abdomen. The abdominal aorta and the inferior vena cava were exposed. The segment of the abdominal aorta between the renal arteries and the aortic bifurcation was temporally occluded with a microvascular clamp (Roboz Surgical Instrument Co), and a longitudinal incision (of about the same length as the vein patch) was made. The defect of the aorta was repaired by suturing the prepared vein patch into the defect of the aorta with an 11-0 continuous suture around the margin of the patch. Contact between the instruments and the vein graft endothelium was avoided as much as possible throughout the procedure. After the vascular clamp was removed, the vein patch was inspected for adequacy of repair. The operation was considered successful if strong pulsation was confirmed in both the graft and native aorta without significant bleeding. If there were no pulsations or pulsations were diminished within a few minutes of restoration of blood flow, the procedure was considered a surgical failure. Cefazolin (50 mg/kg) was administered, and the skin incision was closed with a 6-0 nylon suture. Buprenorphine (2.5 mg/kg) was administered subcutaneously for postoperative analgesia. The duration of the entire procedure was approximately 50 minutes. Figure 1 demonstrates the surgical procedure. The success rate of the operation exceeded 95%. A total of 107 mice were included in this study. Ninety-three animals survived until their designated time of harvest. Two mice died intraoperatively from complications caused by anesthesia, and 12 mice died postoperatively as a result of ileus (n ϭ 3), intra-abdominal bleeding (n ϭ 2), graft occlusion (n ϭ 2), or unknown cause (n ϭ 5). The overall success rate was 87%.
Graft Preservation
The base preservation solution consisted of saline with heparin (100 U/mL) alone or with the following additional reagents: N 6 ,2'-O-dibutyryl adenosine 3':5'-cyclic monophosphate (db-cAMP; 2 mmol/L); 8-bromoadenosine-cAMP (8-Br-cAMP; 0.1 mmol/L); and 8-Br-cAMP (0.1 mmol/L) plus Rp-cAMPS (0.25 mmol/L), the Rp isomer of adenosine 3',5'-monophosphate (Sigma). 16 The concentrations of these cAMP analogues have been shown to be the optimal dose on the basis of previous studies, 12, 13, 16 and adding cAMP analogues did not change the acidity of the base preservation solution.
Morphology
Mice were killed at various time points after surgical intervention and perfusion fixed with 10% formaldehyde at physiologic pressure. The grafts, together with a short segment of the native abdominal artery, were harvested and cut at the center. The specimens were embedded in medium (OCT compound) and frozen at Ϫ80°C. The section (5 m) at the midportion of each composite graft was stained with hematoxylin and eosin or elastic van Gieson stain (Sigma), and the degree of neointimal expansion was analyzed quantitatively with a Zeiss microscope and image analysis system (Media Cybernetics). The consistency of the neointimal formation in the central portion of the graft was histologically confirmed by analyzing serial sections from the center to the proximal and distal ends of the graft (data not shown). 15 The neointima of the vein graft was defined as the region between the lumen and the adventitia. Neointimal cell number was calculated by counting the number of nuclei visible in sections stained with hematoxylin and eosin. The percentage of neointimal expansion was calculated as follows: 100 ϫ (Neointimal area/Neointimal area ϩ Luminal area). These quantifications were performed by an observer blinded to the experimental circumstances. Masson trichrome staining was performed according to the manufacturer's instruction (Sigma).
cAMP Assay
Segments of inferior vena cava were taken without (n ϭ 4) or with 2 hours of preservation in the heparinized saline solution (25°C, n ϭ 4), snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Tissue samples were ground to a fine powder under liquid nitrogen, weighed, and homogenized in 10 volumes of 0.1 N HCl. cAMP immunoassay was performed according to the manufacturer's instruction (R&D Systems Inc).
En Face Immunofluorescence
The procedure used in this study was similar to that reported by Zou and colleagues 17 and Dietrich and coworkers. 18 Vein patch was retrieved 24 hours after the operation, mounted on a glass slide with the endothelium side up, and air-dried for 1 hour at room temperature. The segments were fixed in cold acetone (Ϫ20°C) for 10 minutes and rinsed in phosphate-buffered saline. The segments were then incubated with rat monoclonal antibody to macrophage-1 antigen (MAC-1, CD116/CD18) (1:25, Pharmingen) for 30 minutes and visualized with fluorescein isothiocyanate-labeled rabbit anti-rat IgG (1:25, Sigma). MAC-1-positive cells were blindly counted at 400ϫ magnification in 10 fields of each segment.
Immunohistochemistry
Representative sections (5 m) were immunostained with rat anti-platelet endothelial cell adhesion molecule-1 (anti-PECAM-1, anti-CD31) antibody (1:100, Pharmingen), rat anti-MAC-1 antibody (1:50, Pharmingen), and hamster anti-intercellular adhesion molecule 1 (anti-ICAM-1) antibody (1:100, Pharmingen). Sections were blocked with hydrogen peroxide (0.3%) in methanol for 10 minutes. Blocking was performed with goat serum (4%) and bovine serum albumin (1%) in phosphate-buffered saline. Primary antibodies were added to slides and incubated overnight at 4°C. Secondary antibodies (1:100; anti-hamster or anti-rat IgG, Pharmingen) were added for 30 minutes at room temperature. Sections were reacted with horseradish peroxidase-conjugated streptavidin (1:100, Sigma) for 30 minutes at room temperature and developed with 3.3'-diaminobenzidine (DAB substrate kit, Vector).
Statistical Analysis
All data are expressed as means Ϯ SEM. The Student unpaired t test for a comparison between 2 groups or analysis of variance with post hoc analysis using the Bonferroni-Dunn test for a comparison among more than 2 groups was used to determine significant difference. All analyses were performed by using the Statview statistical package, version J5.0 (Abacus Concepts Inc). Figure 2 shows the representative histologic sections of vein patch grafts that had been implanted onto the abdominal aorta immediately after harvest without preservation. Elastic van Gieson stain (Figure 2 , a) showed that neointimal hyperplasia developed in the vein patch graft 21 days after the operation. The neointima formed primarily in association with the venous part of the composite vessel (black arrows) and not the arterial part, which is easily distinguished from the venous part by the existence of the elastic laminas (stained as black). Masson trichrome stain (Figure ACD 2, b) indicated that the bulk of the lesion was formed by collagen (blue) and smooth muscle cells (red), which were visible by means of ␣-actin staining (not shown). PECAM-1 (CD31) staining indicates some varieties of continuity of the endothelium in the venous part at day 1 (Figure 2, c) , which became more continuous at days 7 and 21 ( Figure 2, d and   e ). MAC-1 ϩ (CD11b/18) monocytes-macrophages were detected at the luminal surface at 1 day after the operation and were seen transmurally by 3 weeks (Figure 2, f-h) . MAC-1 ϩ cells were predominant in the neointima of the vein graft at postoperative day 7 and decreased their fraction in the neointima at postoperative day 21, when they were replaced by smooth muscle cells. Expression of ICAM-1, a counterreceptor for MAC-1, in the vein graft significantly increased 1 day after implantation and continued to be increased at postoperative days 7 and 21 (Figure 2 , i-k). Figure 3 shows elastic van Gieson-stained micrographs of a section of the jugular vein-abdominal aorta composite vessels 21 days after the operation (Figure 3, a and b) and statistical data in terms of neointimal cell number (Figure 3,  d) , neointimal area (Figure 3, e) , and percentage of neointimal expansion (Figure 3, f) , which was calculated as described (Figure 3, c) . Even without preservation, implanted vein grafts showed neointimal formation 3 weeks after the operation. When vein grafts were subjected to 2 hours of preservation, they exhibited a significant increase in the severity of neointimal hyperplasia in terms of neointimal cell number (Figure 3, d ; 454 Ϯ 77 in nonpreserved grafts vs 1081 Ϯ 173 cells/neointimal area in 2-hour preserved grafts; P Ͻ .01), neointimal area (Figure 3 , e; 1.759 Ϯ 0.584 vs 5.269 Ϯ 0.820 ϫ 10 5 m 2 , respectively; P Ͻ .05), and neointimal expansion (46.1% Ϯ 4.8% vs 68.7% Ϯ 9.6%, respectively; P Ͻ .01).
Results
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cAMP contents
Compared with no preservation, 2 hours of preservation was associated with significantly decreased cAMP content (212 Ϯ 8 vs 156 Ϯ 5 pmol/L, respectively; P Ͻ .01; Figure 4, a) . Figure 4 , b shows the effects of cAMP treatment during 2 hours of preservation on the development of neointimal expansion of vein grafts 21 days after the operation. Adding 
Reduced Neointimal Formation by cAMP Treatment
Leukocyte Adhesion-Infiltration to Vein Grafts
Cells adhering to the endothelial surface were visualized with a rat monoclonal antibody recognizing MAC-1 ϩ leukocytes (CD11b/CD18; Figure 5 , a-c). Significant numbers of MAC-1 ϩ leukocytes (ie, monocytes-macrophages) were observed adherent to the surface of nonpreserved vein graft segments a day after the operation (Figure 5, a) . The number of MAC-1 ϩ leukocytes was significantly greater in grafts exposed to 2 hours of preservation than in nonpreserved vein grafts (P Ͻ .05; Figure 5, b and d) . Furthermore, adding db-cAMP to the preservation solution resulted in markedly decreased MAC-1 ϩ cells in the vein grafts preserved for 2 hours (P Ͻ .05; Figure 5, c and d) . Immunostaining for MAC-1 in the grafts harvested on day 21 showed that more MAC-1 ϩ cells were detected in the neointima of 2-hour preserved grafts ( Figure 5 , f) compared with those in nonpreserved grafts (Figure 5, e ) and 2-hour preserved grafts treated with cAMP ( Figure 5, g) . These results indicate that leukocyte adhesion to the endothelium is one of the earliest cellular events in vein graft disease, and the beneficial effect of cAMP on preventing vein graft disease was partly due to inhibition of leukocyte adhesion.
Discussion
Early endothelial cell injury has been focused on as a key factor contributing to the later development of vein graft failure. 4, [19] [20] [21] Damage to endothelial cells is caused by several factors, including mechanical manipulation during harvest, 6, 19 ischemia during graft preservation, 5, 10, 22 and increased shear stress caused by higher arterial blood pressure once implanted. 8, [23] [24] [25] These factors might stimulate endothelial cells to release inflammatory mediators and growth factors with suppression of the anticoagulant cofactors, resulting in the later development of intimal hyperplasia. 1, 3, 4 In this study we focused on ischemia-induced endothelial dysfunction. Previous histochemical analyses have suggested that structural derangements in the harvested veins can be detected within 2 hours of storage. 4, 22 The level of active extracellular signal-regulated kinase in human saphenous vein is markedly increased after 50 minutes of incubation in normal saline solution. 7 Recently, Tatte and associates 22 assessed the structural and functional integrity of human saphenous vein segments stored in multiple preservation solutions using multiphoton microscopy. They showed that within 60 minutes of harvest and storage in heparinized lidocaine saline or autologous heparinized blood, calcium mobilization and nitric oxide generation were markedly diminished, with more than 90% of endothelial cells no longer viable in the vein. In this study vein grafts preserved in heparinized saline for 2 hours showed significantly decreased tissue cAMP contents and significantly increased leukocyte adherence, followed by a marked increase in neointimal expansion 21 days after the operation compared with that seen in nonpreserved grafts. These results indicate that early endothelial damage caused by ischemic preservation might be an important contributor to the later vein graft remodeling. cAMP is known to be an important intracellular second messenger associated with endothelial cell regulation of vascular homeostatic properties. Previous studies have shown that stimulation of the cAMP pathway prevents neointimal formation after balloon injury of the rat carotid artery and proliferation of vascular smooth muscle cells in vitro. [26] [27] [28] cAMP also inhibits tumor necrosis factor ␣-induced release of IL-6 and migration of vascular smooth muscle cells cultured from human saphenous vein. 14 In porcine saphenous vein and carotid artery interposition grafts, cAMP-synthesizing capacity is significantly downregulated at 1 month after implantation, which might be relevant to the pathophysiology of early vein graft failure. 29, 30 A recent report of the 5-year interim results of a randomized clinical trial of graft patency after coronary artery bypass surgery showed high patency of saphenous vein grafts (94%), speculating that bathing vein grafts in phosphodiesterase III inhibitor before implantation is one of the causes associated with the very low rate of graft failure. 31 Furthermore, we have previously reported that in murine cardiac allografts the restoration of the cAMP pathway at the time of preservation not only improved acute allograft function but also reduced the severity of transplant-associated coronary artery disease in grafts examined 2 months after surgical intervention. 16 The donor hearts preserved for 120 minutes in the presence of db-cAMP showed significantly more nitric oxide production and less superoxide release, followed by less neointimal hyperplasia 60 days after transplantation, compared with that seen in the control hearts preserved without the cAMP analog. In this study, on the basis of the finding that tissue cAMP contents were significantly decreased after 2 hours of preservation, we hypothesized that the restoration of the cAMP pathway would enhance vein graft preservation and thus attenuation of the later development of neointimal hyperplasia.
cAMP regulates induction of a distinct set of genes, including TNFA, IL6, 14 TF, the gene encoding E-selectin, VCAM1, 32, 33 and ICAM1. 34 Adhesion molecules play an important role in leukocyte adhesion to the endothelium, which is a primary step in the early stage of atherosclerosis. 35 Several lines of evidence have suggested that ICAM-1/MAC-1-dependent cellular interaction is involved in a number of inflammatory processes and in atherosclerosis through mononuclear cell adhesion and migration. 17, 18, 36, 37 Zou and associates 17 have shown that neointimal hyperplasia of vein bypass grafts was significantly reduced in ICAM-1-deficient mice compared with in wild-type animals. This is consistent with our preliminary study (data not shown). In this study MAC-1 ϩ cells adhering to the vein graft surface were significantly increased by 2 hours of preservation, and cAMP treatment markedly suppressed leukocyte adherence. In addition, ICAM-1 expression of the graft surface was increased by ischemic preservation (data not shown). Therefore inhibition of leukocyte adhesion by reduction of ICAM-1 expression might be one of the important underlying mechanisms by which cAMP treatment suppressed neointimal expansion of vein grafts.
Several animal models have been developed to clarify the underlying mechanism of vein graft remodeling. Murine genetic models have considerable advantages over other animal systems in that they overcome the need to administer factors or their inhibitors. Zou and associates 17, 38, 39 established the first murine model of vein graft arteriosclerosis wherein the external jugular vein or inferior vena cava were autografted-isografted into carotid arteries by using the cuff technique. Shi and coworkers 15 also reported another murine model in which a patch cut from the external jugular vein was grafted to repair a surgically created defect in the carotid artery. In the current study we used a murine vein patch implantation model with some modification of that reported by the latter. The vein patch taken from the external jugular vein was implanted onto the abdominal aorta of the same animal. This method is technically easier than that of Shi and coworkers 15 and provides a means to avoid technical problems of interposition caused by size mismatch of the vein and artery. We believe that this model represents a significant advance toward understanding the pathogenesis and treatment of vein graft disease.
In summary, our data indicate that initial ischemic insult plays an important role in the later development of vein graft neointimal hyperplasia and that stimulation of the cAMP second messenger pathway at the time of graft harvest might be a potential strategy for the prevention of vein graft disease.
